The one-or two-neutron removal reactions as well as reaction cross sections for 14, 15 
The one-or two-neutron removal reactions as well as reaction cross sections for 14, 15 C on carbon target have been studied by using 110A MeV 22 Ne primary beam on Riken Projectile Fragment Separator in RIKEN. The longitudinal momentum distributions of 13, 14 C fragments from 15 C and 13 C fragments from 14 C breakup have been measured at 83A MeV by means of direct time-of-flight method. Full width at half maximum (FWHM) of the distributions have been determined to be 71± 9 MeV/ c and 223± 28 MeV/ c for 14 C and 13 C from 15 C, and 195± 21 MeV/ c for 13 C from 14 C. The FWHM for 13 C fragments from 15 C and 14 C breakup are consistent with the Goldhaber model's prediction. While the FWHM of 14 C fragments from 15 C is much smaller, which confirms the experimental results from MSU and GANIL, an anomalous enhancement from its neighbors has been observed in the measured reaction cross section of 15 C. The experimental data are discussed in the framework of the Glauber model. The analysis of both the fragment momentum distributions and reaction cross sections indicates a dominant s-wave component in the ground state of 
I. INTRODUCTION
Since the pioneering work with radioactive ion beams (RIBs) at LBL [1] , halo structure has become a wellestablished phenomenon. With the development of accelerator technique for RIBs, numerous experimental as well as theoretical studies have been devoted to nuclei far from the ␤-stability line regarding the existence of new possible halo nuclei. Experimental methods such as measurement of the reaction cross section ͑ R ͒ and fragment momentum distribution have been widely used to investigate the halo structure. Combined with theoretical analysis, the information about valence nucleon distribution and the nuclear sizes can be extracted from these measured quantities. 15 C is a one-neutron halo candidate with small separation energy, S n = 1.218 MeV [2] , and ground state spin parity I =1/2 + . In measurements of 14 C͑d , p͒ 15 C reaction, the reported s-wave spectroscopic factors of 15 C ground state are 0.99 [3] , 0.88 [4] , and 1.03 and 0.76 [5] , depending on the choice of the distorted-wave Born approximation parameter sets. The momentum distributions of 14 C fragment from the breakup of 15 C have been measured at MSU and GANIL [6] [7] [8] . The extracted widths are much narrower than the Goldhaber model's prediction [9] . It is an indication of a spatially extended matter distribution. Coulomb breakup measurement was reported recently [10] . All these experimental results confirmed the dominant s-wave component in the ground state of 15 C. On the other hand, the situation in reaction cross section measurement is not so clear. The interaction cross section at relativistic energy showed no peculiarity compared with its neighbor isotopes [11] . While R measurements at intermediate energies more or less exhibited enhancement [12] [13] [14] [15] . But it is very interesting that the charge-changing cross section for 15 C at relativistic energy was larger than that of 14, 16 C [16] . For the configuration of valance nucleon, discrepancy has been found in the s-wave spectroscopic factor of 16 C extracted from the measured fragment momentum distributions and reaction cross sections [17] [18] [19] . Similar discrepancy was also found for 15 C. From analysis of interaction cross section at relativistic energy the s-wave spectroscopic factor resulted in 0.49± 0.22 [20] , which is much smaller than the values mentioned above. The inconsistent experimental results attracted our attention on this isotope. It is well known that narrow fragment momentum distribution reflects large space distribution of the valence nucleon. Since the effect of the tail in nuclear density distribution is more sensitive at low energy than at high energy, measurements of the fragment momentum distribution and reaction cross section at intermediate energy simultaneously will be very interesting and helpful for understanding of the possible halo structure in 15 C. In this paper we present experimental measurements of the fragment momentum distribution and reaction cross section for 14, 15 C.
II. EXPERIMENT
The experiment was performed at the Riken Projectile fragment Separator (RIPS) in the RIKEN Ring Cyclotron Facility. The primary beam of 110A MeV 22 Ne was used to bombard on a Be target (2 mm thick) to produce the secondary beams of 14, 15 C through projectile fragmentation reaction. Magnetic selection, energy-loss analysis, and time-offlight (TOF) method were combined to separate and identify the secondary beams. The experimental setup is shown in Fig. 1 . At the first dispersive focus in RIPS (F1), an Al wedgeshaped degrader (central thickness, 1098 mg/ cm 2 ; angle, 6 mrad) was used to separate particles by energy-loss method. A delay-line readout Parallel Plate Avalanche Counter (PPAC) was placed to measure momentum broadening of the beam which was confined to ±0.4% by a momentum slit. After passing through F1, the secondary beam was focused onto the achromatic focus F2. Two charge-division readout PPACs were installed to determine the beam position and angle. Two silicon detectors (each 150 m thick) were used to measure the energy loss ͑⌬E͒, and an ultrafast plastic scintillator (0.5 mm thick) was placed before a carbon reaction target (2 mm thick) to measure the TOF from F1-PPAC. The particle identification before the reaction target was done by means of B-⌬E-TOF method. The background contamination was estimated to be less than 10 −4 in the off-line analysis.
After the reaction target, a quadrupole triplet was used to transport and focus the beam onto F3 (ϳ6 m from F2). The particles were identified by TOF-⌬E-E method. Two delayline readout PPACs were used to monitor the beam size and emittance angle. Another plastic scintillator (1.5 mm thick) gave a stop signal of the TOF from F2 to F3. To eliminate the channeling effect, three silicon detectors (each 150 m thick) were used to measure the energy loss ͑⌬E͒. The total energy ͑E͒ was measured by a NaI(Tl) detector (3 in. ϫ 6 cm, energy resolution of 0.7% in FWHM for 110A MeV 22 Ne). The present TOF-⌬E-E method gave us very good charge and mass separation. The particle identification at F3 for Z = 6 isotopes is shown in Fig. 2 . This spectrum was obtained after gating away fragments with different charge by TOF and ⌬E method. The 14 C and 13 C fragments are well separated from the main peak 15 C.
III. FRAGMENT LONGITUDINAL MOMENTUM DISTRIBUTION

A. Experimental results
The longitudinal momentum distributions of fragment from breakup reactions were determined from the TOF between the two plastic scintillators installed at F2 and F3. The position information from F1-PPAC was used to derive the incident momentum. The reaction of the main beam in NaI(Tl) contributed the main background as we could see in Fig. 2 . This background was carefully estimated by scaling down the main peak. Then the momentum of fragment relative to the incident projectile in the laboratory frame was transformed into that in the projectile rest frame using the Lorentz transformation. The detailed description of the method can be found in Refs. [18, 21] . Under the assumption of a sudden valence-neutron removal, the fragment momentum distribution can be used to describe that of the valence neutron which carries significant information about the structure of nuclei.
Since the magnetic fields of the quadruples between F2 and F3 were optimized for the main beam for the measurement of reaction cross section at the same time. The acceptance for the fragments was simulated by the code MOCADI [18, 22] . After correction of transmission effects, the width of momentum distribution is in good agreement with that without correction. Our analysis indicates that transmission correction has very small effect on the momentum distribution. [9] . The FWHM for 14 C → 13 C from the present measurement is consistent with the previous value 180± 5 MeV/ c [8] as well as the Goldhaber Model's prediction (FWHM= 212 MeV/ c with 0 = 90 MeV/ c) [9] . It indicates the bound structure in this nucleus and can be viewed as a check of our experimental method.
Using the estimated transmission value, the one-and twoneutron removal cross sections for 15 C were obtained to be 146± 23 mb and 177 −49 +93 mb. The −1n for 14 C was determined to be 67± 14 mb. The errors from acceptance estimation were included besides the statistical one. The −1n for 15 C and 14 C are consistent with the results from Ref. [8] .
B. Analysis and discussion
There are various theoretical treatments of one-neutron removal process [23] [24] [25] . To interpret the measured momentum distributions, we performed a few body Glauber model analysis for 15 C → 14 C and 14 C → 13 C processes. We assumed a core plus neutron structure for 15 C and 14 C. The density distribution of the core was supposed to be HO-type function in which the size parameter was adjusted to reproduce the interaction cross section at relativistic energies [20] . The wave function of the valence neutron was calculated by solving the eigenvalue problem in a Woods-Saxon potential. The separation energy of the last neutron was reproduced by adjusting the potential depth. In the calculation the diffuseness and radii parameters were chosen to be 0.67 fm and 1.27 fm. The procedure has been given in Refs. [18, 21, 26] .
We compare the Glauber calculations with the experimental data in Fig. 4 . In the figure, the calculated momentum distributions were folded by the Gaussian-shaped experimental system resolution. The considered breakup sequences are shown in the inset of the figure. For the core in excited states, the excitation energy was added to the separation energy of the valence neutron. For 14 C, the widths of distributions from breakup to the ground and excited states of 13 C are almost same. The calculated distributions can reproduce the experiment data well as shown in Fig. 4(b) [25] . In Fig. 4(a) , we plot the pure s, p, and d wave components from different sequences with their peaks normalized to the peak of the experimental data. Although the width of the s wave is close to the experiment results, none of the calculated distributions can reproduce the data. Then contributions from different sequences were considered. It is assumed that the partial cross section to populate a given final state of the core can be written [27] as
where C 2 S is the spectroscopic factor for removed neutron with respect to the core state. sp is the single-particle re- 
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moval cross section. The total inclusive one-neutron removal cross section ͑ −1n ͒ is the sum over the cross sections to all core states. In the same way, the momentum distributions from different core state weighted by the corresponding cross section are summed up to get the inclusive momentum distribution.
In order to extract information about the contribution from different breakup sequences, we assumed all the spectroscopic factors as free parameters and adjusted them to fit the momentum distribution of 15 C → 14 C. For simplicity, we fixed the ratio between the s and p wave components using the calculated spectroscopic factors taken from Ref. [8] . Thus C 2 S͑1 − ͒ and C 2 S͑0 − ͒ can be calculated from C 2 S͑0 + ͒ with C 2 S͑0 + ͒ and C 2 S͑2 + ͒ being free parameters in our fitting. The solid line in Fig. 4(a) shows the fitted results. From our analysis, contributions of the s and d wave components to the one-neutron removal cross section are 66± 13% and 4 −4 +10 %, respectively. In a previous experiment, the partial cross sections to different core states were obtained, respectively, by measuring the ␥-ray spectra. The experimental contribution of the d wave to the removal cross section was only 2% [7] . It was negligible in Coulomb breakup experiment [10] . Our analysis also suggests that contribution from 1 d 5/2 orbit in the ground state of 15 C is very small.
IV. REACTION CROSS SECTION
A. Experimental results
The measurement of reaction cross section was performed with and without a reaction target by a transmission-type method. The reaction cross section was determined by relating the incident and outgoing particles without reaction from both target-in and target-out measurements:
where t is the thickness ͑atom/cm 2 ͒ of the reaction target and ␥ i ͑␥ o ͒ denotes the ratio between outgoing and incident particles with target ͑without target͒. In this experiment, the reaction target was carbon with 375 mg/ cm 2 thickness. The uncertainty in thickness was less than 0.1%. In determining the reaction cross section, the inelastic reaction was not negligible. The estimated inelastic counts were excluded from the unreacted outgoing events. Since the inelastic events were around 1% ͑ϳ25 mb, central value͒ of the total reaction events, its uncertainty had very small effect on the error of R . Detailed description of the method can be found in Ref.
͓17͔.
The determined reaction cross sections for 14, 15 C are given in Table I . The energies refer to the energy in the middle of the reaction target. The errors include statistical one and error from the background and target thickness. The isotopic dependences of R for carbon isotopes measured at low and relativistic energies are compared in Fig. 5 . A clear feature is immediately seen in the figure. Strong increase from its neighbors exhibits in R measured at 83A MeV for 15 C while the experimental data at high energies show almost no effect [20] . It is indicative of anomalous structure in this nucleus.
B. Analysis and discussion
In theoretical investigation of reaction cross section, the optical limit Glauber model is widely used. From comparison with experimental data, a systematic underestimation of reaction cross sections at intermediate energies by the optical limit Glauber model was found [28] . A difference factor was defined to describe this underestimation. It was demonstrated that the difference factor was quite different for stable nuclei and nuclei with anomalous structure. Thus it can be used as a criterion to distinguish nuclei with halo structure. To correct the underestimation in the Glauber model, different method has been proposed. A phenomenological correction factor with energy dependence was used in the Glauber model by fitting the ratios of experimental R at low energies to the Glauber calculation [29] . The finite-range effect of nucleon-nucleon collisions was introduced into the Glauber model [17] . The finite-range parameter was determined by fitting the R of 12 
C+
12 C from low energy to relativistic energy.
Using the finite-range Glauber model, the energy dependence of R for 14 C was studied. At first the HO-type density distributions were used to reproduce the interaction cross section at relativistic energy, and then the R was calculated by using the fitted size parameter. Underestimation was found at low energies as shown in Fig. 6 . The fragment momentum distribution reflects the density distribution of the last nucleon. It was demonstrated that the p wave valence neutron density distribution can explain the momentum distribution of 14 C → 13 C very well. To use similar density distribution in both momentum distribution and reaction cross section analysis, a core ͑ 13 C͒ with HO-type distribution plus v͑p 1/2 ͒ neutron was assumed for 14 C. Then the HO size parameter was adjusted to fit the R data at different energies measured by the transmission-type method. For comparison, a less constraint density distribution was also tried. We assumed HO plus Yukawa tail for the neutron distribution of
where r c is the crossing point of these two functions and the factor Y is to keep the equality of the two distributions at r c . The proton density distribution was HO type with the same size parameter. In this method, the size parameter of HO and the slope of the tail were free parameters with r c determined by the normalization condition ͐͑r͒d 3 r = Z where Z is the charge number of the core.
The fitted results from these two methods are plotted in Fig. 6 . It was shown that the results calculated from HO plus v͑p 1/2 ͒ neutron and Yukawa tail agree with the experimental data a little bit better than that from HO-type distributions. Small difference was also found for HO plus v͑p 1/2 ͒ neutron and Yukawa tail distribution. The second method gives a longer tail than the first one but the slope of tail is similar with the p wave distribution which can reproduce the momentum distribution of 14 C → 13 C. Underestimation for reaction cross section of 14 C →
12
C at low energies may still exist in the finite-range Glauber model.
Regarding the halo structure in 15 C, it is interesting to extract information about the density distribution of the valence neutron. Narrow distribution was found in the momentum distribution from the above analysis. It suggests that the valence neutron distribution may have a long tail. But no distinct tail was shown in the analysis of the interaction cross at high energy. In order to extract the effective density distribution for 15 C, the energy dependence of R for 15 C was also investigated. The density distribution was assumed to be core plus neutron. The fixed HO plus v͑p 1/2 ͒ neutron distribution determined from above fitting of 14 C data was used for the core. For the valence neutron, admixture between two configurations 0 + 2s 1/2 and 2 + 1d 5/2 were considered. The density distributions of ground and excited states were supposed to be same but the excitation energy was added up to the separation energy of the valence neutron. We adjusted the mixing ratio of the s and d waves to fit the experimental data. The fitted results as well as the pure s and d waves calculations are compared with the experimental data in Fig. 7 . The best fit gives 50± 8% occupation probability in v͑s 1/2 ͒. This value is consistent with the results from the analysis of interaction cross section at relativistic energies [20] since the fitted results reproduce reaction cross section at high energy much better than that at low energies. But it is seen that the fitted results are off the experiment data at low energies.
The effective density distribution of 15 C was extracted by another method in which only the reaction cross sections from the present experiment were used. The same HO plus v͑p 1/2 ͒ neutron distribution was used for 14 C core. Now the HO size parameter was adjusted to reproduce the reaction cross section of 14 C at 83A MeV. Since the s wave still underestimated the experimental cross section, the depth of the Wood-Saxon potential was changed arbitrarily in calculating the wave function of the valence neutron to reproduce the R 's of 15 C at 51A MeV and 83A MeV. The best-fitted density is compared with the calculated s and d wave distributions in Fig. 8 . A long tail is necessary to explain the measured reaction cross section of 15 C. The extracted tail agrees with the s wave distribution much better than the d wave. We can conclude that the s wave component is dominant in the ground state of 15 C from the present analysis. In the figure, the density distribution determined by the previous method was also shown. It should be pointed out that the present method gave a larger core size than previous analysis based on energy dependence of R . But the valence neutron distribution should be reasonable. Since we are interested in valence neutron structure much more than the core, this method can provide us important information about the tail density distribution. The inconsistent conclusions from the two analysis methods may be attributed to the use of a simple reaction model in our analysis as well as inconsistency of the experimental data measured at different energies. Since only R data from the present measurement were used, the conclusion from the present method will be less model dependent than that from the previous one. Thus our analysis of the measured reaction cross section data suggests that the s wave component is dominant in the ground state of 15 C which is consistent with the conclusion obtained from the momentum distribution analysis.
V. CONCLUSION
In summary, the longitudinal momentum distributions of 13, 14 C fragments from 15 C and 13 C fragments from 14 C breakup were measured at 83A MeV. The reaction cross sections for 14, 15 C were measured at the same time. The FWHMs for 13 C fragments from 15 C and 14 C breakup are consistent with the Goldhaber model's prediction. Narrow distributions were seen for 15 C → 14 C which are consistent with previous measurements. An anomalous enhancement from its neighbors has been observed in the measured reaction cross section of 15 C. The experimental results were analyzed in the framework of the Glauber model. The analysis of both the fragment momentum distribution and reaction cross section suggests a dominant s-wave component in the ground state of 15 C. It is a strong evidence of halo structure in this nucleus.
